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ABSTRACT

Structural, biochemical and computational studies to study the substrate binding and the role of the
conserved residues of the type | dehydroquinase (DHQ1) enzyme active site are reported. The crystal
structure of DHQ1 from Salmonella typhi in complex with (2R)-2-methyl-3-dehydroquinic acid, a substrate
analog, was solved at 1.5 A. The studies reported here revealed a previously unknown key role of the
conserved Glu46, Phel45 and Met205 residues as well as for GIn236, Pro234, Ala233, with the latter being
located in the flexible substrate-covering loop. GIn236 showed to be responsible for the folding of this loop
and for the dramatic reduction of its flexibility, which triggers the active site closure. Glu46 proved to be
key in bringing the substrate close to the Lys/His catalytic pocket to initiate the catalysis. The present study
could be useful in the rational design of inhibitors of this challenging and recognized target for the
development of novel herbicides and antimicrobial agents.

Abbreviations used: DHQI1, Type I Dehydroquinase; St-DHQI1, Type I Dehydroquinase from Salmonella
typhi, Sa-DHQI1; Type I Dehydroquinase from Staphylococcus aureus; DHQ2, Type II Dehydroquinase; Hp-
DHQ?2, Type II Dehydroquinase from Helicobacter pylori; Mt-DHQ2, Type II Dehydroquinase from
Mycobacterium tuberculosis; Sc-DHQ2, Type II Dehydroquinase from Streptomyces coelicolor; MD,
molecular dynamics; LHMDS, lithium bis(trimethylsilyl)amide; TBS, tert-butyldimethylsilyl.

INTRODUCTION
The disruption of the bacterial growth cycle by preventing the synthesis and assembly of key components

involved in bacterial processes has proven to be a succesful strategy for the development of novel
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antibacterial drugs [1-3]. Therefore, a detailed knowledge of the catalytic mechanism, the binding
determinants and the essential motions of selected enzymes can be valuable for the rational design of new
inhibitors that can be used as drugs. In recent years, computational methods have consolidated their value as
important complementary tools to the biochemical and structural data that can assist in the detailed
knowledge of how the enzymatic reactions are catalyzed. Here we report results from structural, biochemical
and computational studies that help to improve our understanding of the binding determinants, the role of
essential residues and the structural changes responsible for the formation of the Michaelis complex that
triggers the reaction catalyzed by a key enzyme in bacteria.

In recent years, the enzymes involved in the shikimic acid pathway, in which chorismic acid is synthesized,
have attracted a great deal of attention as excellent targets for the development of novel herbicides and
antimicrobial agents. These enzymes are essential in many pathogenic bacteria (database for essential genes
in bacteria see http:www.essentialgene.org) and they are present in fungi, higher plants and certain
apicomplexan parasites [4-5], which are the cause of malaria and toxoplasmosis, but are absent in mammals.
Particular attention has been paid to the inhibition of the third enzyme of the pathway, namely the
dehydroquinase (3-dehydroquinate dehydratase, DHQ, EC 4.2.1.10) that catalyzes the reversible
dehydration of 3-dehydroquinic acid (1) to form 3-dehydroshikimic acid (2) (Scheme 1). There are two
distinct types of DHQ enzymes, named type | (DHQL, aroD gene) and type Il (DHQZ2, aroD/aroQ gene) [6-
7]. In the work reported here we focused on the DHQ1 enzyme, which is present in important pathogenic
bacteria such as Salmonella typhi, Staphylococcus aureus, Escherichia coli and Salmonella enterica subsp.
enterica serovar typhimurium. The deletion of the aroD gene that encodes the DHQ1 enzyme from S. typhi
and Shigella flexneri has afforded satisfactory live oral vaccines, with the latter providing monkeys with
protection against oral challenge with live S. flexneri 2457T [8-10]. Besides the attractive characteristics of
this enzyme, very few inhibitors of the DHQ1 enzyme have been reported to date [11-13].

The reaction catalyzed by the DHQ1 enzyme consists of an overall syn elimination of water involving the
loss of the pro-R hydrogen at C2, with the reaction initiated by the formation of a Schiff base between the
C3 carbonyl group of the substrate and an essential Lysine (Lys170 in S. typhi) [14-17]. Once the substrate-
Schiff base is formed, a base residue of the active site then removes the C2 equatorial hydrogen to afford an
enamine, which undergoes acid-catalyzed elimination of the C1 hydroxyl group — a reaction that is mediated
by an essential histidine (His143 in S. typhi) acting as a proton donor. Site-directed mutagenesis and
structural studies have shown that His143 is involved in both formation and subsequent hydrolysis of the
Schiff base intermediates and is also the base that removes the pro-R hydrogen [17-20]. Computational
studies also suggested that the product-Schiff base hydrolysis is the rate-determining step [21-22].

Considering that the active center of DHQL1 is highly conserved (see the Supplementary Figure S1), it is
likely that some of these conserved residues might have a role beyond substrate recognition, as suggested
previously for GIn236 [23-24], which is located in the flexible covering-substrate (hH) loop that closes over
after substrate binding. It would be important to understand the required essential movements of this loop
and of the active site conserved residues in embedding the natural substrate into the catalytic pocket of
DHQL1 for the formation of the substrate-Schiff base that triggers the enzymatic process. Hence, the
availability of crystal structures of the enzyme/substrate analog complexes would provide valuable
information that could improve our understanding of this complex enzyme. Reasoning that the reaction
catalyzed by DHQL1 involves the abstraction of the equatorial pro-R hydrogen at C2, the substitution of this
hydrogen atom by a methyl group would provide an inhibitor that would be structurally very close to the
natural substrate. To this end, (2R)-2-methyl-3-dehydroquinic acid (3) was synthesized (Scheme 1) and the
crystal structure of DHQ1 from Salmonella typhi (St-DHQ1) in complex with 3 was solved at 1.50 A.
Molecular Dynamics (MD) simulation studies conducted with this structure and the Michaelis complex
allowed us to identify a previously unknown key role beyond substrate recognition of several conserved
residues. In addition, a detailed knowledge of the substrate binding process is reported.



N e e

_________________

Scheme 1 Enzymatic conversion of 3-dehydroquinic acid (1) to 3-dehydroshikimic acid (2)
catalyzed by DHQ1 and target compound 3

EXPERIMENTAL
Dehydroquinase Assays

Wild-type DHQ2 from Helicobacter pylori (Hp-DHQ?2), Streptomyces coelicolor (Sc-DHQ2), and
Mycobacterium tuberculosis (Mt-DHQ2), and DHQ1 from Salmonella typhi (St-DHQ1) and Staphylococcus
aureus (Sa-DHQ1) were purified as described previously [25-28]. Concentrated solutions of Hp-DHQ2 (6.4
mg mL™") and Mt-DHQ2 (1.8 mg mL™) were stored at 4 °C in PPB (50 mM, pH 7.2), DTT (1 mM) and
NaCl (150 mM) and PPB (150 mM, pH 6.6) and DTT (1 mM), respectively. Sc-DHQ2 (5 mg mL™) was
stored at 4 °C in Tris/HCI (20 mM, pH 7.5) and DTT (0.5 mM). Concentrated solutions of S--DHQ1 (0.85
mg mL") and Sa-DHQ! (4.0 mg mL™") were stored in PPB (50 mM, pH 6.6 and 7.2, respectively) and DTT
(1 mM) at -80 °C. When required for assays, aliquots of the enzyme stocks were diluted in water and buffer
and stored on ice. Both enzymes were assayed in the forward direction by monitoring the increase in
absorbance at 234 nm in the UV spectrum due to the absorbance of the enone-carboxylate chromophore of
3-dehydroshikimic acid (2) (¢/M™ em™ 12 000). For DHQ2, standard assay conditions were pH 7.0 at 25 °C
in Tris/HCl or Tris HOAc (50 mM). For DHQI, pH 7.2 at 25 °C in PPB (50 mM) was used. Each assay was
initiated by addition of the substrate. Solutions of 3-dehydroquinic acid (1) were calibrated by equilibration
with DHQI1 or DHQ2 and measurement of the change in the UV absorbance at 234 nm due to the formation
of the enone-carboxylate chromophore of 3-dehydroshikimic acid (2). The initial rates at fixed enzyme and
substrate concentrations (0.2—5 K;,) were measured. Kinetic constants were evaluated using the GraFit 5
program (Erithacus Software Ltd.).

The K; values of compound 3 (see Supplementary Experimental data) against S&-DHQ1 and Sa-DHQ1 were
obtained from Dixon plots (1/v vs [I]) of assay data. The initial rates at fixed enzyme and substrate
concentrations (0.5-1.4 K,) were measured in the absence and in the presence of various inhibitor
concentrations. The kinetic constants compound 3 against DHQ2 were evaluated as for the natural substrate
by monitoring the increase in absorbance at 251 nm in the UV spectrum due to the absorbance of the enone-
carboxylate chromophore of the resulting 2-methyl-3-dehydroshikimic acid.

Sodium borohydride inactivations
A solution of sodium borohydride (2 pL, 0.5 M) in aqueous sodium hydroxide (40 mM) was added to a 1
mL incubation of compound 3 (0.5 mM) and the enzyme (1 unit) in PPB (50 mM, pH 7.2) at 25 °C. The

DHQI activity was assayed before and after addition of sodium borohydride. After the sequential additions
of aliquots of sodium borohydride solution, reduction of the enzyme activity was observed but without full
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inactivation. On the contrary, full inactivation was observed for those control experiments carried out in the
presence of the natural substrate. In the absence of compound 3, no loss of activity was obtained.

Crystallization of St-DHQ1/3 Binary Complex

A freshly purified solution of S+-DHQ1 (0.85 mg mL™") was concentrated to 8 mg mL™ in 10 mM Tris/HCI
pH 7.4, 40 mM KCI and 250 mM solution of compound 3 in methanol was then added at 1:20 (v/v) to give a
solution of approximately 10 equivalents of inhibitor per protein monomer. Needle-shaped crystals of up to
0.01 mm x 0.01 mm of the S--DHQ1/3 binary complex were obtained after 8 weeks of vapor diffusion in
sitting drops comprised of 2.0 uL of protein/inhibitor solution mixed with 2.0 pL of reservoir solution and
equilibrated against 0.15 mL reservoirs containing 32% (w/v) PEG 4000, 0.1 M citrate-phosphate pH 5.2.

Structure Determination of St-DHQ1/3 Binary Complex

Crystals were mounted into cryoloops and directly flash frozen by rapid immersion in liquid nitrogen. X-ray
diffraction data were collected on beamline BL13-XALOC (Alba Synchrotron, Spain) from crystals
maintained at 100 K. The diffraction data were processed, scaled, corrected for absorption effects and the
crystal unit-cell parameters were calculated by global refinement using XDS [29], SCALA [30], and other
programs from the CCP4 software suite [31]. The structures were solved by molecular replacement using the
program MOLREP [32] with a search model generated from PDB entry 1QFE [7]. The structures and
geometrical restraints of the ligands were generated with the PRODRG2 server [33] and were manually
placed during the model building, which was performed with COOT [34]. Reflections for calculating Rfree
[35] were selected randomly, refinement of the models was performed with REFMAC [36] and final
structure validation was performed with MOLPROBITY [37]. The data collection, refinement and model
statistics are summarized in Supplementary Table S1. Figures depicting structures were prepared using
PYMOL (http://www.pymol.org).

RESULTS
Synthesis of (2R)-2-Methyl-3-dehydroquinic acid (3)

Compound 3 was obtained by alkylation of the previously described ketone 6 [38] (Scheme 2). Treatment of
ketone 6 with lithium bis(trimethylsilyl)amide at 0 °C followed by reaction with methyl iodide, subsequent
deprotection of the TBS-protected groups and hydrolysis of the carbolactone by heating at 50 °C with 50%
aqueous trifluoroacetic acid gave the desired (2R)-2-methyl derivative 3. NOE experiments confirmed the R
stereochemistry of the C2 chiral center. Irradiation of H4 in 3 led to enhancement of the signal for H2
(1.1%).

HQ COoH TBSQ
a o b,c
HO™ " 0H 07\ 21%
OH OH
4 5

Scheme 2 Synthesis of (2R)-2-methyl-3-dehydroquinic acid

Reagents and conditions: (a) [38]. (b) 1. LHMDS, 15-crown-5, THF, 0 °C. 2. Mel, 0 °C. (c¢) TFA/H,O
(50%), 80 °C.

Enzymatic Assays
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Compound 3 was assayed against St-DHQ1 and Sa-DHQ1 and was found not to be a substrate for the two
enzymes. In addition, treatment of an incubation of both DHQ1 with 3 and sodium borohydride did not
result in an inactivation of the enzyme, as determined in a subsequent assay with the natural substrate.
Therefore, compound 3 does not form an imine linkage with this enzyme. As expected, compound 3 proved
to be a reversible competitive inhibitor of St-DHQ1 and Sa-DHQ1 with K; values of 305 + 17 uM and 282 +
24 pM, respectively [39]. In contrast, compound 3 proved to be a weak substrate for the DHQ2 enzyme.
This compound has the required axial hydrogen that is removed by an essential tyrosine to afford an enolate
intermediate, which undergoes the acid-catalyzed elimination of the C1 hydroxyl group in a reaction
mediated by a conserved histidine [40]. Mt-DHQ2, Hp-DHQ2 and Sc-DHQ2 slowly converted (2R)-2-
methyl-3-dehydroquinic acid (3) into 2-methyl-3-dehydroshikimic acid. When the kinetic parameters of all
three enzymes for compound 3 were determined and compared to those measured for the natural substrate,
the Ky, values for compound 3 were found to be lower than that for the natural substrate but marked
decreases in the ke values to less than 1% that of the natural substrate were found (Table 1). This change
represents a reduction in specificity of 4.6-8.3 10° relative to the natural substrate.

Table 1 Kinetic parameters for the conversion of 3-dehydroquinic acid (1)
and (2R)-2-methyl-3-dehydroquinic acid (3) with several DHQ?2 enzymes

Results are means * S.D. for three observations

Enzyme Compound ew (s K, (uM) koK (sT M
Mt-DHQ2' 1 154+7 15+2 10.27

3 66+ 6107 11£3 0.06
Hp-DHQ2' 1 56+ 1 448 + 21 0.13

3 33+1102 247 +22 0.13 107
Sc-DHQ2" 1 3527 + 116 263 +24 13.41

3 9+1 138 +25 0.06

TAssay conditions were Tris/acetic acid (50 mM, pH 7.0) at 25 °C.
*Assay conditions were Tris/HCI (50 mM, pH 7.0) at 25 °C.

Structural Studies

The crystal structure of compound 3 in complex with St-DHQ1 was obtained by co-crystallization and was
solved at 1.50 A. Crystals were flash-frozen directly from the crystallization mixtures by rapid immersion in
liquid nitrogen. Under the crystallization conditions there is sufficient cryo-protectant (PEG) to freeze
directly the protein crystals in liquid nitrogen without further manipulation. X-ray diffraction data were
collected from crystals cryo-cooled in a stream of cold nitrogen gas (100 K) at ambient pressure using
synchrotron radiation and were then processed. The structure was determined by molecular replacement,
using the previously described structure of St-DHQ1 covalently attached to the active site by Lys170, which
was obtained by sodium borohydride reduction of the corresponding product-Schiff base intermediate (PDB
entry 1QFE) [7] as a search model and the structures were refined. A summary of the statistical data
following data reduction and processing is given in Supplementary Table S1.

The St-DHQ1/3 binary complex crystallized with four copies in the asymmetric unit (designated as chains
A, B, C and D) as two dimers with helices F, G and H [7] at the dimer interface (Figure 1). The four
crystallographically independent copies superimpose well onto each other, with rms differences in the range
0.318-0.218 A after superposition of C*-atom pairs (Figure 1C). The structure refines with good geometric
parameters and clear electron density is visible for all amino acids with the exception of residues 229-234
located on the flexible covering-substrate loop, which are not visible in all chains. Comparison of this crystal
structure with PDB entry 1QFE [7] shows that the cyclohexane ring in 3 is displaced by 2.7-3.8 A out from
the binding site (Figure 1D). Specifically, the oxygen atom of the C3 ketone group in 3 is 3.2—4.2 A away
from the e-amino group of Lys170, which is located on B-strand f. For chains A, C and D, the binding mode
of the ligand is quite similar while for chain B the ligand is located in the farthest position from the
Lys170/His143 catalytic pocket (4.2 A). Significant differences are also observed in the position of the
His143, Phel45 and GIn236 side chains. The latter residue is located in the flexible loop and it is usually in
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close contact with one of the oxygen atoms of the C1 carboxylate group of the substrate and the Schiff base
intermediates. A large degree of flexibility in the side chain of His143 is observed while the e-amino group
of the Lys170 residue remains fixed in an extended disposition for all the chains by interaction with the
guanidinium group of Arg48 via a bridging water molecule. In view of the ligand binding differences
observed in chains A-D for the reported crystal structure, it seems that the ketone derivative 3 is entering
the active site (chain B). It was considered that this crystal structure provides an excellent opportunity to
study in detail the essential enzyme motions for the formation of the Michaelis complex that triggers the
enzymatic reaction. To this end, MD simulation studies were carried out and the results are discussed below.

Unbiased, calculated electron density maps showed clear electron density for the ketone derivative 3
(Figures 1D-E and see Supplementary Figure S2). As in PDB entry 1QFE [7], the ligand binds to the active
site by a salt-bridge between its carboxylate group and the guanidinium group of Arg213, which is located
on the distorted helix G at the subunit interface. The conserved Arg213, which has previously been
identified by chemical modification, is the key residue for carboxylate recognition [7]. As the ligand is
displaced by 2.7-3.8 A away from the binding pocket, the usual bidentate hydrogen bond between the
carboxylate group of Glu46 and the C4 and C5 hydroxyl groups is not observed and only the C4 hydroxyl
group interacts with Glu46 (2.6 A). As a consequence of this displacement, the guanidinium group of Arg48
and the Ser21 side chain also establish electrostatic and hydrogen bonding interactions with both the C4 and
C5 hydroxyl groups (3.1 A each) rather than just with the C5 hydroxyl group. The C3 ketone group in 3
interacts with the guanidinium group of Arg82, the carboxylate group of Glu46 and the g-amino group of
Lys170 via two bridging water molecules (WAT2019 and WAT?2020). Notably, the methyl group of the
ligand is located 3.5-5.0 A away from the methylsulfanyl group of Met203 and the oxygen atom of the C3
ketone group in 1 is located 4.5-5.4 A away from the closest atom of the His143 side chain.

Molecular Dynamics Simulation Studies

Dynamic behavior of St-DHQ1/3 binary complex — MD simulation studies were performed in order to
evaluate whether the side chain of Met203 is the residue that is mainly responsible for avoiding the entrance
of the compound in the Lys/His binding pocket and to gain further insights into the dynamic behavior of the
aforementioned binding interactions. Four models were created using the enzyme geometries found for
chains A-D. Unsolved residues were modeled using the web-based ModLoop server [41]. These MD
simulation studies were carried out on the monomer in aqueous solution using the molecular mechanics
force field AMBER [42]. On the basis of previous results from preliminary MD simulations and mechanistic
considerations, a dual protonation of His143 and neutral Lys170 was considered. In general, the ligand does
not undergo significant changes in the active site in the four models. The root-mean-square deviation (rmsd)
with respect to the starting structure was calculated for all complexes to examine the temporal changes in the
enzyme structure during the 10 ns of MD simulation (see Supplementary Figure S3). The rmsd values
obtained are in the range 0.6—1.3 A and these stabilize after about 1.5 ns. As expected, the motions observed
were mainly in the substrate-covering loop. The most relevant changes were obtained with the model created
from chain B. The calculated binding free energies for compound 3 in the four models also gave the highest
binding affinity for this latter complex (see Supplementary Table S2). These calculations were performed
using the Molecular Mechanics Poisson—-Boltzmann Surface Area (MM/PBSA) [43] approach in explicit
water (GB) as implemented in Amber. Remarkably, as for the reported St-DHQ1/3 binary complex, the side
chain of Met203 remained in close contact with the guanidinium group of Arg213 and the methyl group of
the ligand. Displacement of the Met203 side chain to the apolar pocket involving Ile201 and Alal72
residues was not observed, in contrast to the observed in PDB entry 1QFE [7]. This apolar pocket seems to
be important during the catalysis because the pro-R hydrogen at C2 of the natural substrate, which is
specifically removed by the enzyme in the syn elimination of water, is located here.

St-DHQ1 Michaelis Menten Complex — The essential enzyme motions for the formation of the Michaelis
complex were studied in order to gain an insight into how GIn236, the residues located in the substrate-
covering loop and other conserved residues of the active site, in addition to Arg213, are involved in
correctly positioning the substrate in the Lys170/His143 catalytic pocket to initiate the enzymatic catalysis.
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To this end, the required DHQ1/1 binary complex was generated using the enzyme geometries found in
chain C of the S--DHQ1/3 binary complex and after manual replacement of compound 3 by the natural
substrate. The models created using the enzyme geometries found in chains A, B and D were also studied
but the aforementioned model gave better results for the whole process. These MD simulation studies were
carried out in a similar way to those described for the St-DHQ1/3 model discussed previously. Overall, the
formation of the DHQ1 Michaelis complex can be organized into three key steps as follows.

Step 1 — Substrate-Covering loop folding: When the DHQ1/1 binary complex was subjected to 30 ns of
dynamic simulation, the results showed that the GIn236 residue is responsible for initiating the folding of the
substrate-covering loop through the formation of two strong hydrogen bonds (Figure 2). Firstly, a hydrogen
bonding interaction between the carbonyl side chain of GIn236 and the NH main-chain of Ser232 is
established (Figures 2A and 2B). A second hydrogen bond is then formed between the NH side chain of
GIn236 and the oxygen atom of the Ser232 side chain. This process can be clearly visualized by analyzing
the variation of the distances involving these two hydrogen bonds during the whole simulation. The side
chain of GIn232 is always in close contact with the carboxylate group of the natural substrate (about 3 A,
Figure 3C) while the interaction between the Ser232 side chain and the C5 hydroxyl group does not start
after loop folding (Figure 3D). Therefore, the GIn236 side chain is responsible for the initial approach of
Ser232 over the active site (Figure 3A) and it then causes the loop folding (Figure 3B). More importantly, as
a result of this folding, a key conformational change of the conserved Pro234 and Ala233 residues was
observed (Figure 2C). Specifically, the carbonyl group of Pro234 rotates towards the NH main chain of
Ala206 and the side chain of Ala233 is launched onto the active site. Both changes allow the formation of
extra internal hydrogen bonds in the loop. One hydrogen bond is formed between the carbonyl group of
Ala233 and the NH main chain of GIn236 and an intramolecular hydrogen bond is established between the
carbonyl and NH main chain of Ala233, which is also in contact with the carbonyl side chain of GIn236
(Figure 2D). These attractive interactions dramatically reduce the flexibility of the loop and this triggers the
pushing movements of the loop over the substrate towards the Lys170/His143 catalytic pocket. Otherwise a
to-and-fro movement of the loop is observed and significant displacement of the substrate does not take
place.

Step 2 — Pushing the substrate: When this folded and rigid loop conformation is achieved (~10 ns), the side
chain of Ser232 points towards the active site and is in contact with the C5 hydroxyl group of the natural
substrate. A large displacement of the substrate inside the active site takes place. Our MD simulation studies
showed that the conserved Glu46 is the residue that progressively pushes the substrate, which is held by a
salt bridge with Arg213, into the bottom of the active site. By pulling on the C4 hydroxyl group in 1, and
with the assistance of the conserved Arg48 residue (Figure 2F), the substrate is finally located in the Lys/His
catalytic pocket. As shown in Figure 4A, significant variations in the distances involving the C4 and C5
hydroxyl groups in 1 and the two oxygen atoms of the carboxylate group of Glu46 are observed before the
C3 carbonyl group is positioned in close contact to Lys170 side chain (Figure 4D). As the substrate
progressively moves deeper into the bottom of the active site, the Met203 side chain moves away from the
guanidinium group of Arg213 to the apolar pocket that involves the conserved Alal72 and Ile201 residues.
This situation imparts additional hydrophobicity to this important part of the active site, in which the
removal of the pro-R hydrogen takes place. Analysis of the amino acid sequence in various DHQ1 (see
Supplementary Figure S1) reveals that the type of function is conserved at this position (Met, lle, etc.).

Once the C3 carbonyl group of 1 is well located in the Lys170/His143 catalytic pocket (after ~13 ns), the
strong hydrogen bond between the carbonyl group of the conserved Pro234 and the NH main chain of
Ala206 neatly seals the active site over the substrate (Figure 2B). After 13 ns of MD simulation, the
substrate remains anchored in the active site by a network of hydrogen bonds and electrostatic interactions
with the conserved residues of the active site. More importantly, the C3 carbonyl group is now located in
close contact with the essential His143 side chain (Figure 4C) and, to a lesser extent, with the guanidinium
group of Arg82. In this arrangement, His143 is ready to act as a Lewis acid by activating and correctly
positioning the C3 carbonyl group of 1 for nucleophilic attack by the e-amino group of the essential Lys170,
which is located at the opposite face (Figures 4D and 2B).
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Figure 1 Crystal structure of the St-DHQ1/3 binary complex



(A) A cartoon of the St-DHQ1/3 crystal structure (chain C), looking into the parallel o/p barrel. (B) A
surface of the St-DHQ1/3 crystal structure (chain C). (C) Comparison of the binding mode of methyl
derivative 3 with St-DHQ1 in chains A (cyan), B (pink), C (yellow) and D (gray). (D) Comparison of the
binding mode of methyl derivative 3 (chain C, yellow) in St-DHQ1 with PDB entry 1QFE (blue). Distance
differences are shown as dashed purple lines. (E,F) Unbiased electron density and relevant interactions for
ligand 3 (cyan) in St-DHQ1/3 (chain C, yellow) binary complex. From the model obtained by molecular
replacement and before inclusion of the inhibitor molecule, refinement was performed to obtain unbiased
density for the inhibitor molecule and other model changes. A maximume-likelihood weighted 2F, — F. map
contoured at 1o is shown up to 1.6 A around the inhibitor molecule (red). The final model including the
ligand molecule is superimposed onto the map. Polar interactions between methyl derivative 3 and the St-
DHQL1 are shown as dashed blue lines. Relevant residues are shown and labeled.

Step 3 — Active site sealing — the lid: Finally, the active site is completely shielded from the solvent
environment after 19 ns with the entry of the Phe145 side chain to create a lid. Our MD simulation studies
allowed us to identify the key small motion and the residues involved in this sealing process of the active
site from the solvent environment. The seal is achieved by a small folding of the loop containing residues
144—151, which joins the B-strand e and helix F and throws the Phe145 side chain into the active site (Figure
2@G). This is triggered by the formation of a key hydrogen bond with a neighboring loop that contains
residues 174—178, which joins the B-strand f and helix G. Specifically, the hydrogen bonding between the
main-chain carbonyl group of His146 and the NH side chain of GInl76 causes a small folding in the
Phel45-containing loop and this throws the Phe145 side chain into the active site. In all cases and at this
position of the loop containing residues 174—178, the type of function is conserved (Asn, GIn, His) (see
Supplementary Figure S1). Moreover, after the entrance of the Phel45 side chain into the active site, the
Met205 side chain remains located atop the face with the S atom at a distance of less than 4 A from the
phenyl ring carbon atoms (Figures 2E and 4B).

Remarkably, throughout the whole simulation the C1 carboxylate group swings slightly. Thus, one of the
distances between the oxygen atoms of the C1 carboxylate group in 1 and the nitrogen atoms of the Arg213
guanidinium group is significantly longer than the other, a situation that allows a twisting movement of the
C1 carboxylate group. The relative position of one of the oxygen atoms of the carboxylate group is fixed by
GIn236 (hydrogen bonding) and Arg213 (electrostatic) side chains. The other oxygen atom is always in
close contact with the C1 hydroxyl group by a strong intramolecular hydrogen bond.

DISCUSSION

The reported crystal structure of the St-DHQ1/3 binary complex and the MD simulation studies conducted
with this and the Michaelis complex (St-DHQ1/1) created from this crystal structure give an insight into the
essential motions of the flexible substrate-covering loop and the binding determinants of St-DHQL1. This
information allowed us to identify a previously unknown key role of some residues beyond substrate
binding. In view of the ligand binding differences observed in the four chains A-D of the reported St-
DHQ1/3 binary complex solved at 1.50 A, it seems that the ketone derivative 3 is entering the active site but
it is unable to reach the Lys170/His143 catalytic pocket. The oxygen atom of the C3 ketone group and the
methyl group in 3 are located 4.5-5.4 A and 3.5-5.0 A away from the closest atom of the His143 side chain
and the methylsulfanyl group of Met203, respectively. This fact suggests that the equatorial C2 methyl
group in 3 prevents the ligand from becoming embedded in the active site due to the steric hindrance caused
by the Met203 side chain. This latter residue is also located in close contact with the guanidinium group of
the conserved Arg213 rather than with the apolar pocket of the active site involving 11e201 and Alal72
residues, as observed in PDB entry 1QFE [7]. Therefore, it seems that compound 3 is not a substrate for
DHQ1, not only because it lacks the equatorial pro-R hydrogen required to be removed by the enzyme but
also because it is not even capable of covalently binding to the essential Lys170. Similar results were
obtained with Sa-DHQ1 in the enzymatic assays studies. Therefore, the structural data and the results of the
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MD simulation studies suggest that the proximity of the C3 ketone group in 1 to the His143 and a closed
conformation of the substrate-covering loop are required for the covalent binding of the substrate to DHQ1,
which is essential for catalysis.

Ala206

B
) Phel45

Phel45 Pro234

y Arg213
w |, Met203
PN\

N

|

Pro234

Phel45

Met205 }i\} 75
A

1

O\

GIn176

His143 ?

Figure 2 Michaelis complex formation process obtained by MD simulations studies

(A) Comparison of several snapshots of the flexible loop and the position of the natural substrate [0.02 ns
(gray), 5 ns (green), 6 ns (cyan), 12 ns (blue), 10 ns (blue), 18 ns (pink) and 23 ns (yellow)]. (B) Michaelis
complex that triggers the enzymatic reaction. (C) Closing motion of the covering-substrate loop. (D) Key
hydrogen bonding interactions that reduce the loop flexibility. (E) Key contact between the Met205 side
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chain and the aromatic ring of Phel45 that keep Phel45 inside of the active site. (F) Detailed view of how
the side chain of conserved Glu46 pulls on the substrate to fit it in the bottom of the active site. (G) Closing
motion of the loop that acts as a lid for the active-site-cleft by dropping the Phe145 side chain into the active
site. Note how GIn236 is responsible for the loop folding and how the attractive internal hydrogen bonding
interactions of the loop result in this fold triggering the pushing process of the substrate. See also how the
hydrogen bonding interaction between the side chain carbonyl group of GIn176 and the main-chain carbonyl
group of Hisl46 causes the entrance of the Phel45 side chain into the active site. Relevant side chain
residues are shown and labeled.

A B g o
14,0 - - 8,0 SN o] FIoEd4
' Gn236 | Heeol 4
12,0 07N 7.0 Ala2os O N

a
o

EF‘ v o O
100 | | A R : GIn236 H~ “7) \/ Ala233
i ‘ Y
j! i ‘\)—_\~CONH2
£ 1 p |I‘, :
a0 NN ’;,Jb "4fl‘s“\I\L\"*HWJ““WMWMH%MWMW
\ {r

|

| \5
Q,Jh A
2,0 : ‘&u:r o , dhuibdspinpdiaing 1,0

N
[=]

] ~ ser232

Distance (A)
o0
°
il L
Distance (A)
=Y
o

0,0 T T T T T 1 0,0 + T T T T T )
0 5 10 15 20 25 30 0 5 10 15 20 25 30
c Time (ns) D Time (ns)
12,0 - 18,0 -
] Gln236)\ 1 P
1 =
N‘- o_/ OH 160 ]| | 0= OH
10,0 ]
1 14,0 1 , H .
] —N O~H----0 /,
12,0 1 | dg 5
o - 1! Ser232
< < 100 ]|
8 8 ]
c c 4
~ o 1
% % 80 1
a B
60 1
4,0 ] l
i 1l H
2,0 | y mtwmmm ‘ Tl
0,0 . . . . . , 00 1 - - . S )
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (ns) Time (ns)

Figure 3 Variation of distances involving residues located in the hH loop obtained by MD simulations
studies

(A) Carbonyl side chain (OE1 atom) of GIn236 and NH (H atom) main chain of Ser232 and hydroxyl side
chain (O atom) of Ser232 and NH (1HE2 atom) side chain of GIn236. (B) Carbonyl group of Pro234 and
NH group of Ala206, NH and carbonyl groups of Ala233 and carbonyl group of Ala233 and NH main-chain
of GIn236. (C) NE2 atom of GIn236 and the oxygen atoms (O1, O6) of C1 carboxylate group in 1. (D) C5
hydroxyl group (O atom) in 1 and side chain hydroxyl group (H atom) of Ser232.
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Figure 4 Variation of distances involving conserved Glu46, Met205, Phel45, Lys170 and His143
residues obtained by MD simulations studies

(A) The carboxylate group of Glu46 and C4 and C5 hydroxyl groups in 1. (B) the side chains of Met205 and
Phel45. (C) the C3 carbonyl group in 1 and His143 side chain. (D) the C3 carbonyl group in 1 and Lys170
side chain.

We consider that the reported crystal structure is an excellent structure to study the entrance process of the
natural substrate into the active site because (1) it contains a compound that is very similar to the natural
substrate, (2) the ligand is located far away from the Lys170/His143 catalytic pocket, (3) the substrate-
covering loop (not visible) is probably in the open conformation and (4) the variety of loop conformations
and models offered by the differences observed in the position of the ligand and of the visible residues of the
substrate-covering loop. From this structure, four models were constructed and evaluated. The variety of
models studied allowed us to obtain a detailed view of the formation process of the Michaelis complex in a
process that involves three key steps: (1) folding of the substrate-covering loop, (2) pushing the substrate and
(3) active site sealing.

The results obtained from our MD simulation studies on the St-DHQ1 Michaelis complex suggest that the
conserved GIn236 residue has a crucial role in the first step. In particular, it is responsible for initiating the
folding of the substrate-covering loop by forming key hydrogen bonding interactions involving residues
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GIn236, Ala233 and Ser232. These attractive interactions dramatically reduce the flexibility of the loop and
allow its closure over the substrate.

Based on structural and site-directed mutagenesis studies, Light et al. [24] suggested a more extensive role
of GIn236 than merely binding the substrate. These studies were carried out with the S232A and Q236A
DHQ1 enzyme variants from Salmonella typhimurium LT2 and the results showed a ~30-fold increase in Ky,
values in both cases and marked differences in their corresponding kcy values. In particular, 50- and 1000-
fold reductions in specificity relative to the natural substrate were obtained, respectively. Moreover, Harris
et al. [44] reported that removal of the C5 hydroxyl group in 1 caused a 1000-fold reduction in specificity
relative to the natural substrate. The removal of both C4 and C5 hydroxyl groups, which interact with the
carboxylate group of Glu46 through a bidentate hydrogen bond, provided a compound that is not a substrate
for DHQ1 and is enable to form an imine-bound species. We consider that our results also support the more
extensive role of GIn236 that has been suggested and also highlighted a previously unknown role of Glu46
beyond the recognition of the C4 and C5 hydroxyl groups. By pulling on the C4 hydroxyl group in 1, and
with the assistance of the conserved Arg48 residue, the conserved Glu46 progressively pushes the substrate
into the bottom of the active site with the assistance of the folded and rigid loop.

The results obtained from the MD simulation studies also provided a detailed view of the sealing of the
active site by the entry of the Phe145 side chain inside the site to create a lid. This process is the last step in
the formation of the Michaelis complex and it does not occur until the active site is neatly closed by the
substrate-covering loop. In order to achieve this closure the enzyme undergoes a small folding of the loop
containing residues 144-151. This is caused by a hydrogen bonding interaction between the main-chain
carbonyl group of His146 and the NH side chain of GIn176. These studies also highlight the key role of the
Met205 beyond creating an additional hydrophobic layer on top of the loop together with Phel45 and
Alal72, which might explain why it is conserved. This residue seems to be involved in keeping the Phel45
side chain inside the active site by an attractive interaction derived from its location at the edge of the phenyl
ring, an interaction that is widely found in numerous crystal structures [45-46]. Our MD simulation studies
also suggest that one of the oxygen atoms of the C1 carboxylate group in 1 is involved in correctly
positioning the C1 hydroxyl group to accept a proton from the conserved His143. This situation is markedly
different for DHQ?2. In the latter case, the C1 hydroxyl group is correctly positioned during the dehydration
step by a conserved asparagine residue of the active site [40].

In conclusion, the results of the present study show that the replacement of the equatorial pro-R hydrogen in
3-dehydroquinic acid (1), the natural substrate of the reaction catalyzed by the third enzyme of the shikimic
acid pathway, by a methyl group provides a week irreversible competitive inhibitor of DHQ1 and a poor
substrate for DHQ2. A reduction in specificity for the latter of 4.6—-8.3 10° relative to the natural substrate
was found. The inhibition of DHQL1 is not only due to the lack of the equatorial pro-R hydrogen required to
be removed by the enzyme, but also to the steric hindrance caused in the apolar pocket of the active site
involving residues Met203, Alal72 and 11e201. This type of compound does not form an imine linkage with
the enzyme, which is required for turnover, and leads to an open conformation of the substrate-covering
loop, as shown in the crystal structure of St-DHQ1/3 binary complex solved at 1.5 A.

Our results on the formation of the St-DHQ1 Michaelis complex provide strong evidence that the process
involves the following steps: (1) folding of the substrate-covering loop triggered by GIn236; (2) reduction of
the loop flexibility by a series of attractive hydrogen bonding interactions involving Pro234, Ala233, Ser232
and GIn236 residues; (3) pushing the substrate into the bottom of the active site, which involves Arg213 and
Glu46 residues and the loop; (4) sealing of the active site with the entrance of the Phe145 side chain into the
active site after a small folding of the loop containing residues 144—151, a process that is triggered by a
hydrogen bonding interaction with the neighboring loop that contains residues 174—178; and (5) capture of
the Phel45 side chain inside of the active site by the Met205 residue. These findings reveal a previously
unknown key role of these conserved residues and provide details of the required motions of the binding
process. Blocking these essential motions and the residues involved in this process could be a useful strategy
in the structure-based design of novel inhibitors of this challenging and attractive bacterial target.
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